ABSTRACT. Mediterranean climate areas are home to highly relevant and distinctive agroecosystems, where sustainability is threaten by water scarcity and continuous loss of soil organic-C. In these systems, recycling strategies to close the loop between crop production (and agro-related industries) and soil conservation are of special interest in the current context of climate change mitigation. Pyrolysis represents a recycling option for the production of energy and biochar, a carbonaceous product with a wide range of environmental and agronomic applications. Considering that biochar functionality depends on both the original biomass and the pyrolysis conditions, we produced and characterized 22 biochars in order to evaluate their potential to sequester C and modify soil physico-chemical properties. The pore size distribution was a function of the original biomass and did not change with temperature of pyrolysis. The highest number of pores within the size 0.2-30µm, relevant for plant available water retention, was reached at 600˚C. However, ideal pyrolysis conditions to optimize C-stability and hydrologic properties was reached at 400˚C in woody derived biochars, as higher temperatures lead to a non-transient hydrophobicity. This study highlights relevant physico-chemical properties of locally derived biochars that can be used to tackle specific challenges in Mediterranean agroecosystems.
INTRODUCTION
Nowadays, with an increasing population which has already reached 7.2 billion people, the planet is struggling to meet humanity demands for food and energy. There is already evidence that some planetary boundaries (defined as a safe operating space for human development) may have been transgressed. 1 In this framework, the EU is adopting energy policies to reduce greenhouse gas emissions, 2 leading the adoption of measures to comply with the Paris Agreement adopted at the conference of the parties of the United Nations Framework Convention on Climate Change. 3 In this package of measures recycling strategies are especially relevant to shift towards a circular economy that requires, among others, turning waste into a resource. 4 This transition implies a major challenge, especially in the case of Mediterranean climate areas where highly relevant and distinctive agro-ecosystems are highly vulnerable to development pressure and desertification. 5 Mediterranean climate is found in five ecoregions of the world: the Mediterranean Basin, the Pacific coast of North America, south-western Australia, the Cape region of South Africa and the central coast of Chile. Mediterranean agro-ecosystems are subjected to intensive agriculture practices (and related agro-food industry), which results in the production of large amounts of organic residues. At the same time, soils in these regions suffer from severe losses of soil organic carbon (SOC) leading to a high risk of land degradation. 6 Aguilera et al. 3 reported that Mediterranean areas have a great potential for SOC storage and identified the inputs of organic amendments as the most promising strategy to increase SOC storage. In this scenario, the proximity between the production of residues and their local application to enhance SOC accrual would be an advantage in order to ensure a sustainable management of agro-food residues.
Zabanitou, et al. 7 considered two major categories of organic residues in the Mediterranean regions: crop-residues and agro-wastes as primary and secondary residues respectively. They identified fruit tree pruning and straws as the most important resources in the primary category, being of special relevance the residues from olive groves and vineyards. 8 These two crops comprise more than 10 million ha of the cultivated area only in the Mediterranean Basin. 9 Residues from winemaking and olive oil milling were included as the most relevant in the secondary category. Apart from these agricultural wastes, giant reed (Arundo donax), a nonnative invasive plant has been identified as a potential biomass resource in Mediterranean regions. This plant needs to be periodically removed to limit its spread and avoid the environmental problems associated to its fast growth in watercourses, such as alteration of hydrology and displacement of native species. 10 Current management strategies for pruning residues in Mediterranean areas consist of (1) burning them in the field, which is controversial because of its contribution to greenhouse gas emissions, and (2) chipping and utilization as a mulching agent in soil, which drawback is the increasing risk of pests and diseases. 11 As an alternative, the pyrolysis of organic residues and the utilization of its solid product, known as biochar, as soil amendment is attracting increasing attention. The interest in biochar soil application is the result of the demonstrated increase in soil water and nutrient retention 12, 13 , improved nutrient use efficiency 14 and its potential for reducing GHG (CO 2 , N 2 O, CH 4 ) emissions 15 . Biochar has been recently included as a C sequestration strategy by the United Nations in the emission gap report 16 with an estimated 5.4% potential to reduce emissions from the agriculture sector. Moreover, biochar soil amendment has the potential to induce changes in soil hydrology by altering soil structure, aggregation and soil carbon cycling. 17 Its potential to increase plant-available water is of special relevance in many areas under Mediterranean climate susceptible to the impacts of water scarcity and drought.
In this study, eleven organic residues (relevant in the Mediterranean agro-food system) have been assessed as feedstocks for the production of biochar. We analyzed how original biomass (with varying chemical composition, lignin, cellulose and hemicellulose content) and pyrolysis temperature influence biochar physico-chemical and surface functional properties in order to determine their potential contribution to C sequestration and water retention in Mediterranean soils.
MATERIALS AND METHODS

Selection and characterization of Mediterranean agro-industrial residues
Eleven types of representative agricultural wastes were selected in the Mediterranean area. For the description of the origin of these residues see Supporting information (SI-1). Prior to analyses, raw materials were air dried and milled below 0.5 mm (no minimum particle size was rejected). Lignocellulosic fractions of the starting materials were determined according to the American Society for Testing and Materials (ASTM) D1106-96 18 and Browning 19 . The elemental composition of CHNS was determined by using an automatic elemental analysis (LECO CHNS-932, USA). S content was below the quantification limit, so it was considered negligible and O content was calculated by difference (100-C(%)-H(%)-N(%)-Ash(%)). Total concentrations of macro and micronutrients were measured after HNO 3 /H 2 O 2 digestion by using inductively coupled plasma (ICAP 6500 DUO THERMO, England).
Additionally, a thermal analysis of raw materials was performed by using an SDT 2960 simultaneous DSC-TGA thermal analyzer (TA Instruments) under N 2 atmosphere (N 2 flow rate: 120 ml min -1 ) with a temperature ramp of 10˚C min -1 from room temperature to 950˚C and a 10 min isotherm at the final temperature.
Pyrolysis process
Biochars were produced at two highest treatment temperatures (HTT), 400 and 600˚C. Before charring, raw materials were air dried to a moisture level below 10% (wet basis), and milled to a particle size lower than 6 mm (no minimum particle size was rejected). Samples were pyrolized in a rotatory tube furnace, RSR-B 80/500/11 (Nabertherm, Germany), equipped with a quartz tube (80 mm x 500 mm) with an Ar purge (with a flow rate of 150 l h -1 during carbonization and residence time and 50 l h -1 during the temperature increase to 105˚C and the cooling to ambient temperature) to ensure an oxygen free atmosphere. A volume of 0.5 l of feedstock was loaded into the rotatory tube furnace to proceed with the pyrolysis. Temperature ramp was programmed as follows: (1) linear heating at a rate of 5˚C min -1 from room temperature to 105˚C; (2) isotherm at 105˚C (45 and 15 min for pyrolization at 400 and 600˚C, respectively); (3) ramping of 5˚C min -1 from 105 ˚C to 400 or 600 ˚C (depending on the pyrolization target temperature selected); (4) isotherm of 2 h (residence time) (5) cooling down to ambient temperature (1.5-3 h time depending on the feedstock and HTT). The highest temperature reached during pyrolysis was measured by a thermocouple located in the external surface of the tube and the char yield was calculated by weight difference from the starting material.
Biochar characterization
Subsamples of biochar were grinded below 1 mm with an agate mortar prior to chemical analyses. Physical analyses were conducted on non-grinded biochar subsamples.
Proximate analysis was conducted with a variation of ASTM-D1762-84 Chemical Analysis of Wood Charcoal. 20 The volatile matter (VM) was determined by using an SDT 2960 simultaneous DSC-TGA thermal analyzer (TA Instruments) in the absence of oxygen measuring the weight loss at 950˚C. The ash content was determined in a muffle at 750˚C. Fixed carbon (C) was calculated by difference (100-%VM-%Ash-%Moisture). Biochar yield, i.e. the proportion of the feedstock transformed into biochar, corresponds to the relation , where m biochar and m biomass ℎ correspond to the biochar and the feedstock before pyrolysis masses, respectively (grams in oven dry basis).
The elemental composition of CHNS and macro and micronutrient concentrations were determined as described for feedstock. The elemental composition was used to calculate the O/C and H/C molar ratios and the relative nutrient enrichment according to Hamer et al 21 . Electrical conductivity (EC) and pH were determined in a 1:20 (w/v) water-soluble extract.
Superficial C bonding state was analyzed by X-ray photoelectron spectroscopy (XPS). XPS analysis was conducted using a K-Alpha X-ray XPS system (Thermo Scientific, UK) with a Mineral crystallographic structures on biochar surfaces were analyzed using an X-ray diffractometer (XRD) Bruker D8-Advance (Bruker Corp., USA) using a radiation Cu Kα (λ=1.5406Å). The diffractograms were obtained on a range of 5≤2θ≤60 with increments of 0.02˚.
The peak areas for different minerals were identified by comparing with the database PDF-2 of the International Centre for Diffraction Data (ICDD).
Mercury intrusion porosimetry was conducted on eight selected biochars by using the AutoPore . Porosity was calculated as follows:
where BD is the bulk density, calculated from the mass of biochar and the total intrusion volume at the lowest applied pressure, and ED is the skeletal density, calculated at the highest applied pressure.
Additionally, we measured water holding capacity and hydrophobicity of the same biochars studied by mercury intrusion porosimetry (OlvP, RS, TC and GS derived biochars at 400 and 600˚C). Biochars were oven dried overnight at 105˚C to remove any absorbed water. According to Kinney et al. 22 , we added 4 ml of deionized water to a known mass of approximately 2 ml of biochar, allowed the samples to soak for 30 min and then let them freely drain for 30 min. Water holding capacity was determined as the mass water retained per mass of dry biochar, corrected for the filter paper absorption of water. A second cycle of drying, soaking and draining was performed to repeat this measurement. Surface hydrophobicity was measured using the molarity of an ethanol (MED) drop test. 23 In brief, MED values from 1 to 7 corresponds to drop penetration time below 3 seconds of ethanol solutions of 0 (pure water), 3, 5, 8.8, 13, 24 and 36% concentration in volume. A MED value of 1 corresponds to a very hydrophilic sample whereas higher degrees of the MED index correspond to higher degrees of hydrophobicity.
These measurements were repeated on water washed and dried again biochar samples.
Statistical analyses
Data was logarithmic transformed and the assumptions of normal distribution were fulfilled through a Kolmogorov-Smirnov test. The feedstocks were grouped according to their lignocellulosic composition and the immediate and H/C and O/C molar ratios of their derived biochars through a principal component analyses (PCA). One-way ANOVA was used to address differences between the analyzed properties of the groups of feedstocks and biochars.
Additionally, the relationships between these properties and the temperature of pyrolysis and the group of feedstock were studied through a correlation analysis (Pearson correlation coefficient).
The significance level was defined as p<0.05. Statistical analyses were performed with the software IBM SPSS statistics 24, Sommers, USA. The selected feedstock were grouped into three categories according to their origin (see PCA results in the Supporting Information ( Figure S1 )): (i) tree pruning (primary residues derived from woody crops: AP, OlvP, OP, GP, CP); (ii) herbaceous residues (also primary residues comprised by straws and herbaceous crops: GR, RS, TC, TC+S); and (iii) lignocellulosic secondary wastes (comprised by residues from agro-food related industries: GS and TPOMW).
RESULTS AND DISCUSSION
Feedstock characterization and thermal behavior during pyrolysis
All feedstock contained high organic matter levels characterized by a rich lignocellulosic composition ( Figure S2 of the Supporting Information). Ash concentration was the main differentiating feature between feedstocks, being the group of tree pruning characterized by low ash concentrations. The tree pruning group had high lignin concentrations, between 25 and 35%, whereas the group of herbaceous feedstocks was mostly cellulosic, with concentrations of cellulose between 44 and 51%. The group composed of secondary wastes was the most heterogeneous in lignocellulosic fractions.
The C concentration of the feedstocks was correlated with their lignin content (level of significance 0.01). The tree pruning group had a high carbon (C) concentration ranging between 42-46%. The lowest C concentration corresponded to the herbaceous residues (29-37%) with the exception of GR, which presented a C concentration similar to the tree pruning feedstocks group (Table S1 ).
The thermal behavior of the feedstocks during pyrolysis was monitored by thermogravimetry and displayed in the Supporting Information ( Figure S3 ). All the materials registered their maximum decomposition rates in the range of temperatures between 200 and 400˚C, which is the common behavior of lignocellulosic materials. [24] [25] The tree pruning group showed their maximum weight losses at temperatures close to the 400˚C limit. AP, OlvP and OP feedstocks from the tree pruning group required temperatures around 340˚C to reach their maximum weight loss rate, as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 they were comprised by heavy stems more resistant to thermal decomposition, meanwhile GP and CP, comprised by thinner stems and a higher amount of leaves, reached maximum weight loss peaks at lower temperatures (around 320˚C) (see Figure S3 ). The group of herbaceous residues registered mass losses at lower temperatures than tree prunings. In this case, GR and RS (straws) registered a sharp DTG peak at 330˚C and 314˚C respectively with a major mass loss around this point, whereas TC and TC+S (herbaceous crop) registered a smoothed peak in a similar temperature range but with a much lower weight mass loss than the straws. DTG peaks of the secondary wastes were smoother than those of the rest of materials. This indicates a continuous weight mass loss in a broader temperature range and explains the greater difference in pyrolysis yield observed in these materials comparing the treatments at 400˚C and 600˚C. This is also consistent with the more heterogeneous composition found in this group of feedstock.
Mass yields after pyrolysis ranged between 28% and 49% (Table S2 ) depending on the original feedstock and the temperature of pyrolysis, which is the typical yield range found in the literature for different feedstock and pyrolysis conditions. [26] [27] As expected, pyrolysis at 400˚C led to higher weight mass yields than at 600˚C. [27] [28] Regarding the impact of the feedstock, biochar from herbaceous residues registered greater mass yields than the rest of groups which is a consequence of the high ash content in this group of biochars. Consistently, a positive correlation was found for the feedstocks between ash contents and mass yields after pyrolysis (p<0.01). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The pH values of the biochars ranged from 9.3 to 12.4 and positively correlated with the ash content and pyrolysis temperature (level of significance 0.01, Table S2 ). This is in agreement with previous findings reporting that, as pyrolysis temperature increases, the amount of carboxyl groups is reduced, the acidic groups become deprotonated to the conjugate bases and the relative ash content also increases. 29 Whereas biochar has been found to increase pH of acidic soils which may enhance their fertility, 30 soils under Mediterranean climate frequently have a neutral to alkaline pH and a high buffer capacity. Studies under these conditions have shown no significant pH changes after biochar amendment. [31] [32] Nonetheless, previous findings have reported positive results when biochar is acidified to reduce its alkalinity prior to land application in soils with high pH and EC. 33 EC also increased with temperature and was positively correlated with the ash content.
Biochar characterization
Chemical characterization
Unexpectedly, the EC of RS decreased with temperature, from 6.33 mS cm -1 at 400˚C to 4.43 mS cm -1 at 600˚C. However, ash concentration increased with temperature and we did not find a satisfactory explanation to the EC decrease in RS derived biochar. In previous studies, EC was found to decrease with pyrolysis temperature of wastewater sludge biochar by Hossain et al. 34 and in the case of rice bran derived biochar by Li et al. 35 . In the latter study, the authors studied the correlations between EC and fused-ring aromatic structures and functional groups, where the EC of rice bran derived biochar initially decreased with pyrolysis temperature and afterwards increased at temperatures above 300˚C without correlation with any of studied parameters.
The proximate analyses of the biochars are displayed in a triangle diagram (Figure 1) . Most of the biochars were located in the area below 30% ash content and 40% of volatile content, which corresponds to a fixed C content above 50%. Similar to Enders, et al. 26 , biochars with ash content greater than 30% had a fixed C content below 35%. These biochars were derived from 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 herbaceous feedstocks with a greater concentration of alkali metals and ash content (Table S2 and Figure S2 ) and reached their highest degradation rates at lower temperatures ( Figure S3 ). This is consistent with Windeatt et al. 36 and Ronsse et al. 29 reporting the role of ash components catalyzing the thermal degradation of biomass. Moreover, fixed C content was negatively correlated with the ash content ( Figure S1 ). Fixed C reached the maximum values in the group of tree pruning derived biochars, richer in lignin content, which resulted in an average fixed C content of 54%±5 and 63%±6 at 400˚C and 600˚C, respectively. According to previous research, 36, 37 it is expected that biochars derived from high lignin feedstocks will resist longer to degradation whereas the carbonization process of feedstocks with high ash contents results in less stable C structures. Temperature had a greater effect than feedstock on the VM content of the biochars (temperature vs VM, p=0.015; feedstock vs VM, p= 0.301), and the lowest VM values corresponded to biochars produced at 600˚C. The ultimate analysis showed a concentration effect resulting in a general increase in C content with temperature. The opposite trend was observed for the elements H and O, which is attributed to the cleavage of weak oxygenated bonds within the biochar structures. 29 These changes in elemental composition led to lower O/C and H/C molar ratios in biochars made at 600˚C than in those made at 400˚C (Figure 2 ). H/C and O/C molar ratios are considered the main indicators regarding biochar stability and C sequestration potential 38, 39 as the formation of recalcitrant Caromatic structures during pyrolysis implies a direct benefit for soil C-sequestration. It is well documented that H/C and O/C ratios of biochar decrease with increasing pyrolysis temperature 27, 40 and they can be used to approach an approximation of the average size of the polyaromatic clusters in biochars. The Van Krevelen diagram relating H/C to O/C molar ratios of the studied samples in Figure 2 shows that biochars at 600˚C were grouped in the area below 0.45 and 0.15 of H/C and O/C molar ratios respectively, except in the case of the high ash TC feedstock. Three of the biochars, TC, TC+S and RS produced at 400˚C, did not reach an H/C molar ratio below 0.7, which is the limit proposed by the IBI guidelines 39 to distinguish biochar from biomass that has been only partially thermochemically altered. Most of the biochars made at 400˚C had an H/C molar ratio between 0.5 and 0.7, whereas all the biochars made at 600˚C had this ratio below 0.5. According to Spokas 41 , all the biochars derived from tree pruning and secondary wastes (at both temperatures of pyrolysis, 400˚C and 600˚C) would have an estimated half-life over 1000 years in contrast to the herbaceous derived biochars at 400˚C (except in the case of 9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 GR, which showed similar properties to biochars derived from the tree pruning group, see Figure   S1 of the Supporting Information).
Total N concentration was very low in all the feedstocks and increased slightly with pyrolysis mostly attributed to the formation of structures resistant to heating and not easily volatilized 42 (Table S1 ). Greater N retention during pyrolysis was found in woody materials (average N relative enrichment of 71% and 61% at 400˚C and 600˚C, respectively) compared to herbaceous feedstocks (average N relative enrichment of 67% and 54% at 400˚C and 600˚C, respectively). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Surface characterization Bonding states of C functional groups and their quantification on biochar surfaces were assessed by XPS analysis. The whole XPS wide-scan spectra were dominated in all the biochars by the carbon peak (C1s) and the oxygen (O1s) ( Table S3 ). Our results showed that pruning derived biochars contained more C and less O than the rest of groups, as already observed in the ultimate analysis. A similar result was observed by Sun et al. 43 when comparing apple wood and corn stover biochars.
No differences were detected in the relative surface content of C1s bonding states between groups of biochars ( Table 1) . On the other hand, temperature had a significant effect on surface aromaticity and functional groups. Consistently with literature, 44 C-C/C-H and C=C bonds were always the major component, and increased with temperature of pyrolysis, whereas oxygenated groups (C-O; C=O/O-C-O) were lower at 600˚C than at 400˚C derived biochars. 40, 45 The high aromatization of biochar at 600 °C was also confirmed by their H/C and O/C molar ratios (Figure 2 ). One interesting finding was the higher enrichment with temperature in C-C/C-H bonds in TPOMW, TC and TC+S (56.5%, 34.6% and 38.7%, respectively) vs the average of other feedstocks (6.7%). This implies that whereas the majority of feedstocks reach a highly aromatic structure at 400˚C (very similar to that at 600˚C), TC, TC+S and TPOMW would need higher temperature of pyrolysis to reach high aromaticity. This is consistent with the observed evolution in the TG analysis of these materials, which registered mass losses above the 400˚C level, greater than the rest ( Figure S3) . A possible explanation could be the high ash concentration (in the case of TC and TC+S) that would prevent the lignocellulosic structure of these feedstocks from thermal degradation as pointed by Ronsse et al 29 . In the case of TPOMW, Figure S4 ). Generally, temperature of pyrolysis did not modify significantly XRD spectra, whereas crystal species formed during the charring process depended on the source material and similarities were observed in feedstocks from the same groups. Biochars from the tree pruning group were prone to a major formation of Ca crystal forms, as observed by Singh et al. 46 in woody derived biochars. These types of Ca species were more abundant in the form of whewellite 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 (CaC 2 O 4 .H 2 O) in 400˚C biochar whereas calcite (CaCO 3 ) was more abundant in 600˚C biochars, especially in AP, OlvP and OP (feedstock consisting of larger branches and a minor presence of leaves). These surface carbonate quantities are very small compared to total C concentration (considering the whole sample) as analyses of organic C resulted equivalent to total C content in all the biochars. In the case of tree pruning from GP and CP derived biochars, K crystal species (sylvite, KCl, and kalicinite, KHCO 3 ) were identified and the intensity of their XRD spectra was lower than in the rest of feedstocks of this group.
In the case of herbaceous residues, the XRD spectra of their biochars presented sharp peaks in 2     and  which would correspond to a greater relative abundance of sylvite (KCl) but also may be a consequence of the bigger size of the sylvite-crystals.
Consistently with previous research, 47 RS derived biochar spectra reflected peaks at 2 = 20.874˚ and 21.990˚, indicating a relative abundance of SiO 2 in its crystal form (quartz, cristobalite). Straw derived biochars (RS and GR) showed a greatest enrichment in Si-structures with temperature, which was confirmed by the XPS analysis. Previous research identified the mutual Si-C protection promoting recalcitrance and stability in biochars. 48 The elemental composition of the secondary wastes (Table S4 ) also determined the crystallographic structures of their derived biochars. Several crystal species of Ca, K and P were identified in GS derived biochar, with a major relative abundance of P species at 600˚C. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Ca and Mg compared to the rest of groups, or K in the case of TPOMW biochar, which can provide a fertilizer effect when used as soil amendments.
The environmental implications of the molecular structure of biochar have been pointed out by previous research, as it may explain the observed differences in biochar persistence in the environment. 50 Our results show that the formation of crystallographic structures is predominantly determined by feedstock composition rather than by pyrolysis temperature, at least in the range between 400˚C and 600˚C.
Physical characterization
Four of the studied materials (OlvP, TC, RS and GS) pyrolyzed at 400 and 600˚C were characterized by mercury intrusion-extrusion porosimetry, water holding capacity and hydrophobicity as they were considered representative of the proposed groups of feedstocks. Our results show that bulk density and porosity are predominantly a function of the feedstock rather than the pyrolysis temperature (Table 2 ), in accordance with Brewer et al 51 . Thus, feedstocks with higher lignin concentrations resulted in biochars with higher fixed C content, which was also related to the higher density and lower porosity, as found in OlvP-B and GS-B (Figures 1 and S1, and Table 2 ). The highest porosity corresponds to RS biochars at 400 and 600˚C, being the values very similar at both temperatures of pyrolysis (Table 2 ). This biochars also presented the highest values of water retention ( Figure S5 ). OlvP-B and GS-B, despite having low porosity, presented higher total pore area than RS-B and TC-B, which is related to the different pore size distribution of the different biochars. Temperature had a marked effect on the total pore area, which increased by 86% and 58% in OlvP-B and GS-B, respectively, when HTT increased from 400 to 600°C. This augmentation has been previously attributed to the volatilization of surface 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 organic molecules as HTT increases. 28, 52 The increase in the pore size range below 0.1 µm with temperature in these materials (Figure 3 ) was clearly relevant for the registered increments in their surface area. OlvP-B: Olive Tree Pruning Biochar; RS-B: Rice Straw Biochar; TC-B: Tomato Crop Biochar; GS-B: Grape Stalks Biochar Figure 3 shows the pore size diameter distribution by the mercury intrusion technique, which covers pore size diameters from 0.003 to 600 µm including the macropores and mesopores area. 51 This wide range includes pore diameters with special relevance in different soil functions such as providing plant water availability. 53 Similar to Kameyama et al. 54 , our results show that pore size distribution was also determined by the feedstock and is more independent from pyrolysis temperature. There was not a clear distinction between regions of porosity in the majority of our samples, which distribution seemed to be almost a continuum, except in the case of OlvP-B, which presented three discrete groups of pore sizes, reflecting the regular size and arrangement of plant cells in the original biomass ( Figure 3 ).
All the samples showed a relatively high proportion of large pores which are indicative of the void spaces between the individual biochar particles (Figure 3) . However, RS-B and GS-B
showed a higher proportion of pores over 30 µm compared to the other materials, which could be 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 considered as inter-particle pores whose water interactions would be highly dependent on the physical properties of the amended soil.
Inter and intra-particle pores in the pore size range between 0.2 and 30 µm are of special relevance for increasing plant-available water. 53, [55] [56] This pore size range was increased with temperature of pyrolysis, especially in the case of TC-B, which presented the largest proportion of pores in this size range. OlvP-B also presented a relatively large proportion of pores in this range and it was increased with temperature. In accordance with the observed increases in the pore size range between 0.2 and 30 µm, water retention was enhanced from 400˚C to 600˚C except in the case of RS-B, which registered equivalent values at both temperatures ( Figure S5 ).
These results are also consistent with the study of Kinney et al. 22 , who measured the field capacity of corn stover, magnolia leaf and apple wood derived biochar at several HTTs (300˚C, 400˚C, 500˚C and 600˚C). In their study, corn stover and apple wood derived biochars showed the largest water retention values at 400˚C and 500˚C, whereas magnolia leaf derived biochar registered its largest values at temperatures greater than or equal to 500˚C.
OlvP-B and GS-B showed mercury intrusion continuing to 60,000 psia pressure, indicating that pores smaller than 0.003 µm are present in those biochars. As the volume of pores below 0.003 µm are not covered by the mercury intrusion technique, it is very likely that the porosity in these materials would be higher than the values registered by this technique ( Table 2 ). The absence of mercury intrusion in RS-B and TC-B within the range of the micropores may be due to pore plugging as a consequence of their higher ash content. 56 This pore size below 0.2 µm diameter is subjected to high adsorptive capacities for small molecules 17 but is not expected to increase 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 water availability as the strength of water retention would be over the permanent wilting point (PWP, 1500 kPa).
Additionally, we observed different intrusion and extrusion pathways (hysteresis), which can be explained by the theory of the ink-bottle shape. 57 According to this theory, if we compare pore shapes with the shape of a bottle, pores with similar dimensions of voids and necks would have similar intrusion and extrusion curves. Meanwhile, these curves would become more different from each other as necks are smaller than the voids. None of our biochars showed much extrusion at atmospheric pressure (Table 2) , suggesting a restrictive pore network or ink-bottle shaped pores, which may limit the availability of the water in these pores. If we compare the proportion of total intrusion volume that is extruded at 15 psia, it is in decreasing order: RS400, GS400, GS600, OlvP400, TC400, RS600, OlvP600 and TC600 ranging from 6.2% to 0.3% (Table 2 ). The pore network within biochar fragments would be more restrictive through this series even though all of these biochars can be considered as having high tortuosity (that is, with great difference between their necks or connections with the outside and their bigger voids). This information is in agreement with the results obtained on water retention, suggesting that these biochars would increase WHC and biochar-amended soils could retain water longer periods between rainfall events resulting in improved nutrient retention. This effect would be enhanced by increasing pyrolysis temperature. However, the availability of this water to plants is not 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 guaranteed due to the high tortuosity of the pore network. 55 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 all the biochars reaching a MED level of 1 (considered as hydrophilic) with the exception of OlvP derived biochar at 600˚C. Thus, the hydrophobicity of biochar surfaces could be considered as transient. Previous research has pointed out as possible explanation the rearrangement of molecules containing alkyl functional (hydrophobic) groups into nearby pores after water addition. 22 Water retention tests were performed in two cycles and the results were equivalent ( Figure S5 ), probably because the first soaking period was enough to rearrange the layer of hydrophobic compounds creating hydrophilic regions on biochar surfaces. The hydrophobicity of OlvP biochar at 600˚C was also reduced after the water-washing treatment to a MED value of 3.
However, it seems that the hydrophobicity remained at the biochar surface. This could be explained by an increased resistance to the hydrophobic/hydrophilic rearrangement as a consequence of a more stable structure richer in aromatic-C and with a lesser content of alkyl functional groups.
Our results indicate that the biochars selected in our study would improve physical properties of the soil by increasing the proportion of pores within the most relevant size range for plant water availability. As pointed by previous research, 51 increased pyrolysis temperature led to higher porosity and total pore area. Biochar impact on the soil hydraulic properties and aeration will depend on the biochar inter-and intra-particle pores as well as the size, shape and number of the pores between soil particles. 55 However, previous studies have shown contrasting effects of biochar amendments on soil hydrological properties or the necessity of non-realistic dosages to assess a significant effect. 58 The hypothetical improvement on soil hydraulic properties will also depend on the hydrophobicity of the biochar amendment, which decreases with temperature while plant water availability could be negatively affected by the associated increased in pore tortuosity.
CONCLUSION
This study explores the suitability of a range of lignocellulosic biomasses for the production of biochar as a sustainable strategy for their recycling in Mediterranean agro-ecosystems. Biochars were categorized into three groups according to the original feedstock: (i) Biochars from tree prunings, characterized by highly condensed aromatic C structures (C-C, C-H); (ii) Biochar from herbaceous feedstocks, which contained lower C concentration and higher proportion of ashes and (iii) Biochars derived from secondary wastes, which comprised the most heterogeneous group. Pyrolysis temperature (i.e. HTT) had a major impact on biochar C stability, whereas the type of feedstock determined their surface functionality and pore size distribution. According to our results, temperature of 400˚C would be optimal for tree pruning biochars as they reach the highest C stability compared to other feedstocks that require higher HTT to reach a similar degree of stability. The use of higher HTT for tree prunings results in a not transient hydrophobicity and increased pore network tortuosity that may hinder their possible hydrological benefits. For the rest of feedstocks it would be more beneficial to address pyrolysis at higher HTT to reach the same stability without compromising their hydrological properties. However, the validation of the potential benefits of these physicochemical properties in soil would require the assessment of biochar as amendments in different textured soils in order to verify the dosage relevant to produce an effect on soil C sequestration and soil hydrological properties and how long it would endure in relation with the ageing of biochar. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Supporting Information. The following files are available free of charge: SI-1: Feedstock description Table S1 . Ultimate analysis of the feedstocks and the derived biochars Table S2 . Pyrolysis weight yield (dry basis), pH and EC of the derived biochars Table S3 . Elemental content on biochar surfaces as determined by XPS whole spectra Table S4 . Nutrient and mineral content of feedstocks and their derived biochars Figure S1 . PCA results Figure S2 . Lignocellulosic fractions of the feedstocks Figure S3 . Thermogravimetric analyses Figure S4 . XRD spectra of the biochars Figure S5 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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